One of the keys for elucidating the ET mechanism is to identify the interaction site of the protein-protein complex in the ET reaction. Based on the surface charges of Cyt c, ET from Cyt c to CcO has been considered to involve formation of one or more Cyt c-CcO ET complexes in a process guided by electrostatic interactions (1, 2) . The dependence of the ET rate on ionic strength suggests that a significant contribution of electrostatic interactions leads to formation of the ET complex. The results of a docking simulation also indicate that binding of these two proteins involves electrostatic interactions between a Lys patch on the surface of Cyt c and a group of carboxylate residues on CcO (3). Extensive chemical modification studies have indicated that a group of Lys residues, Lys13, Lys72, Lys86, Lys27, and Lys87 (in decreasing order of importance), on the surface of Cyt c are responsible for the interaction of Cyt c with CcO (4). However, these chemical modification studies necessitated the addition of a bulky side chain to the modification site, which interferes with specific binding of CcO and suppresses the ET process. In fact, a docking simulation (5) has suggested that Lys72 is the only residue that forms a salt bridge with an acidic residue of CcO and that the other Lys residues would not interact with the acidic residues of CcO. Lys13, whose chemical modification induces a drastic suppression of the ET reaction, is located at the supposed interface, but the side chain of Lys13 remains rigid and buried in the interior of the protein during the docking simulation. The side chain is not in an electrostatically favorable position in terms of participating in the interaction between the two proteins (5) . No experimental interpretation has been reported for the different conclusions obtained from the chemical modification analyses and the docking simulations.
Certain biological interprotein ET systems exhibit "gating" ET reactions that are controlled by dynamics of the protein (particularly at the interface of the protein) rather than intrinsic ET properties (6) . The gating ET mechanism has been theoretically proposed to be a general property of biological ET systems (7) and redox-dependent protein-protein interactions are suggested to occur within the bacterial ET complex (8) .
In fact, the apparent ET rate (10 -10 2 s -1 ) from Cyt c to CcO (9) is much slower than the rate estimated from electrochemically triggered redox reaction of a surface-modified
Cyt c bound to self-assembled monolayers on a gold electrode (∼10 7 s -1 ) (10). Rapid electron injection using photoexcited metal complexes was also found to exhibit a fast ET rate (∼10 5 s -1 ) (11). The lower rate of ET from Cyt c to CcO strongly suggests that a conformational change at the protein interface is required for the interprotein ET reaction, which leads to the redox-dependent gating mechanism (11) . The significant structural differences observed between reduced and oxidized Cyt c (12, 13) also support the proposal that conformational changes accompany the ET process. In contrast, no significant redox-dependent conformational changes on the surface of CcO have been reported (14, 15) . Thus, it appears that redox-dependent conformational changes of Cyt c are crucial for gating the ET process which provides the reaction with unidirectional character.
One of the most powerful experimental methods for direct characterization of interaction sites of the ET complex and analysis of interactions at the atomic level is multi-dimensional isotope edited-NMR spectroscopy. To identify the Cyt c sites that interact with CcO in the mammalian respiratory chain, we used detergent-solubilized intact bovine CcO which includes all 13 different subunits (15) Figure 1a were used to color-code the Cyt c structure (13) in Figure   1b . As clearly shown in Figure 1b , perturbed residues are located in the N-and C-terminal regions on the side of the exposed hydrophobic heme periphery. It is notable here that the Cu A site of subunit II of CcO, which is thought to act as the site of entry of electrons into CcO, is surrounded by aromatic amino acid residues including Trp104, Tyr105, Tyr121, and Phe206, which form an exposed hydrophobic cluster (22) . The hydrophobic heme edge and adjacent hydrophobic amino acid residues of Cyt c, as shown in Figure 3 , can therefore interact with the hydrophobic cluster at the Cu A site. This indicates that the hydrophobic interaction is the dominant interaction for positioning the two redox centers in close proximity to each other.
Results

Chemical
Chemical Shift Perturbation Mapping of Interaction Sites in Oxidized Cyt
Although the contribution of Lys residues to the formation of the ET complex was reported in previous chemical modification studies (4, 23) , some of the Lys residues that had been identified as interacting with CcO did not show a significant chemical shift perturbation. While chemical modification of Lys72 in Cyt c was found to cause severe inhibition of ET activity (4, 23) and a molecular simulation concluded that this Lys residue is the only residue that can form a hydrogen bond with an acidic amino acid residue in CcO (3, 5) , the chemical shift and line width of the N-H peak from Lys72 in both the reduced and the oxidized Cyt c were found to be essentially insensitive to the addition of CcO (Figures 1a and 2a) . On the other hand, the NMR spectra clearly show that Lys5 (which has not been chemically modified because it is located quite far from the heme site (4, 23)), is involved in the interaction site of reduced and oxidized Cyt c.
The contribution of hydrophobic amino acid residues to the interaction with CcO, as suggested by the previous docking study (3), has been confirmed experimentally by the present NMR analyses. However, some of the charged residues such as Glu16 and Lys72, which surround the hydrophobic core and have been suggested to participate in interactions with CcO in the docking study, did not show specific chemical shift perturbations. As illustrated in Figure 3 , the charged residues interacting with CcO do not surround the hydrophobic core in the interaction site for CcO in contrast to the conclusion of the docking simulation (3). These findings demonstrate the unique and sensitive performance of NMR spectroscopy for identification of the amino acid residues participating in protein-protein interactions. is more prominent in CcO than that in the interaction with CcP ( Figure S6 ). In the interaction site for CcO on Cyt c, it is notable that the location of heme edge of Cyt c outside the central part of the interaction area would not be appropriate for providing the maximum ET rate. However, the structure is expected to facilitate a strictly controlled ET from Cyt c to CcO, which is crucial for efficient energy transduction by CcO, because each ET to CcO is coupled with pumping of one proton equivalent (26) . In fact, it has been shown that the energy coupling efficiency (H + /e -stoichiometry) is sensitively influenced by the electron flow rate and provides a maximum efficiency at a moderate flow rate (27) .
Comparisons of the Present Results with Other Electron
In addition, the previous NMR study reported a distinct difference between reduced and oxidized Cyt c in terms of the size of the interaction site for CcP (25) , but the size of the interaction site for CcO is essentially independent of the redox state In the ET complex between cytochrome c 2 and the reaction center of the bacterial photosynthetic reaction, a crucial hydrophobic amino acid residue, Phe102, is also involved in the interaction site (31) . All ET complexes examined thus far indicate the existence of crucial roles for hydrophobic amino acid residues in the formation of physiologically relevant ET complexes. Hydrophobic residues are expected to play critical roles in controlling the polarity of the ET pathway.
Conformational Changes in the Interaction Site Associated with Electron Transfer:
A Mechanism of the Electron Transfer Gating. ET from Cyt c to CcO must be strictly controlled to obtain maximum efficiency in the process of energy transduction, as described above. The control mechanism remains one of the most important unresolved problems in this field. It should be noted here that, although redox-coupled conformational changes of Cyt c have been observed in 3D structural analyses, no experimental trial has been performed to elucidate the physiological relevance of the conformational changes.
As clearly shown in Figure 4a protons and carbonyl oxygens in the helix structure. This suggests the existence of an "expanded" helix structure ( Figure S8B ). However, an alternating (or zigzag) pattern is also detectable in the high field shift pattern region which would suggest that an enhanced structural change occurs. Such a structural change would include both "expansion" and "distortion" upon CcO binding, which is a more enhanced structural change than that of reduced Cyt c upon CcO binding. 
Materials and Methods
Construction of the Human Cyt c Expression System and Protein Preparation.
A gene encoding human Cyt c was synthesized using a modified recursive PCR strategy.
Both genes of human Cyt c and yeast Cyt c heme lyase, which form the thioether bonds necessary for the maturation of Cyt c in the host cell (32), were cloned into the pET-21(+) vector using SacI and HindIII restriction sites. The protein expression and purification were performed according to previously published procedures (32) . Purified protein with an R-value (=A 409 /A 280 ) over 4.5 was collected to dissolve into 50 mM sodium phosphate buffer at pH 7.0 by centrifugal ultrafiltration.
CcO was purified from bovine heart as described previously (22) 
